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ABSTRACT: We present herein a new concept for the
preparation of nanofibrous metal oxides based on the
simultaneous electrospinning of metal oxide precursors and
silica nanoparticles. Precursor fibers are prepared by electro-
spinning silica nanoparticles (20 nm in diameter) dispersed in
an aqueous solution of poly(acrylic acid) and metal salts. Upon
calcination in air, the poly(acrylic acid) matrix is removed, the
silica nanoparticles are cemented, and nanocrystalline metal
oxide particles of 4−14 nm are nucleated at the surface of the
silica nanoparticles. The obtained continuous silica fibers act as
a structural framework for metal oxide nanoparticles and show improved mechanical integrity compared to the neat metal oxide
fibers. The hierarchically nanostructured materials are promising for catalysis applications, as demonstrated by the successful
degradation of a model dye in the presence of the fibers.
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■ INTRODUCTION
Because of their large ratio of surface area to volume and
interconnected porosity, metal oxide meshes have been
proposed for applications in catalysis, energy storage, and
sensors.1−3 Various bottom-up approachessuch as vapor−
liquid−solid (VLS)4 and vapor−solid (VS)5 growthand top-
down techniquessuch as nanocarving6 and electrospin-
ning7have been described. Among these techniques, electro-
spinning is probably the most versatile, because it allows the
fabrication of fibrous mats from a wide variety of both organic
and/or inorganic materials.8,9 Moreover, it allows for control
over the diameter, morphology, porosity, alignment, and
composition of the resulting fibers.10,11
Calcination of electrospun mats obtained from metal oxide
precursors is a commonly used approach because of its facility
and potential for upscaling. The calcination process is usually
applied to mixtures of polymers/metal oxide precursors and it
is based on an oxidative conversion of the polymeric
component by heat treatment. There are many successful
examples in literature for the fabrication of inorganic fibers by
calcination of precursor materials prepared by sol−gel,12−18
polymer-based sol−gel processes,19−22 or from electrospinning
of polymer dispersions in the presence of ex situ formed
colloids.23−27 Upon increase of the temperature, metal oxide
crystals nucleate and grow while the polymeric component
undergoes degradation.28,29
In the electrospinning of inorganic precursor, one has to take
into account that the calcination leads almost automatically to a
shrinkage of the fibers because the polymer template is
removed. After calcination, the nanofibers are usually more
brittle30 because of their thinner section and the internal stress
generated by the shrinkage. Therefore, an additional material
that is not mechanically or chemically affected by the
calcination process needs to be incorporated in the fibers
during the electrospinning.
The recently reviewed electrospinning of colloids31 has been
explored for the fabrication of metal or metalloid oxide fibers.
For instance, silica24,26 and titania32 nanoparticles were
embedded in polymer fibers by electrospinning a solution of
polymer template in the presence of a dispersion of the
particles. Recently, the electrospinning of a zinc powder/
titanium isopropoxide/poly(vinyl acetate) mixture was re-
ported.33 The precursor fibers were calcinated in air and the
subsequent hydrothermal treatment of the resulting fibers in
bis(hexamethylene)triamine and a zinc nitrate hexahydrate
solution yielded continuous TiO2 fibers decorated with ZnO
branches. The ZnO particles in the TiO2 fibers seeded the
growth of ZnO branches perpendicular to the TiO2 fibers
direction. The same procedure was employed to form ZnO-
branched Co3O4
34 and ZnO-branched ZnO35 fibers. Although
the synthesis of silica-supported metal oxide nanocomposites
has been previously reported,36−38 their fabrication by colloid-
electrospinning to obtain nanofibers is a new strategy. Our
concept allows the advantageous combination of interesting
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properties inherent to both nanoparticles (high surface area)
and meshes (porous structure and facile separation from the
reaction media). Furthermore, the incorporation of silica
nanoparticles in the composite fibers significantly improves
the mechanical integrity of the nanofibers. The generality of the
concept is demonstrated by taking two different metal oxides,
namely CeO2 and LiCoO2 as models for simple and binary
oxides, respectively. The catalytic activity of the composite
nanofibers was also investigated.
■ EXPERIMENTAL SECTION
Materials. Cerium(III) nitrate hexahydrate (Fluka, ≥99.0%),
lithium hydroxide (Aldrich, 98%), cobalt(II) hydroxide (Aldrich,
95%), poly(acrylic acid) (PAA, Mw ≈ 450 000 g mol−1, Polysciences
Inc.), colloidal silica (average diameter: 20 nm, BET surface area: 140
m2 g−1, 34 wt % suspension in H2O, Sigma-Aldrich), and rhodamine B
(Merck) were all used as received without any further purification.
Demineralized water was used throughout the study.
Preparation of the Electrospinning Solutions. The metal
salt(s), Ce(NO3)3·6H2O (780 mg, 1.8 mmol; and 390 mg, 0.9 mmol)
or LiOH (21.5 mg, 0.9 mmol) and Co(OH)2 (83 mg, 0.90 mmol),
were added to a 7.5 wt % solution of PAA (0.870 g), and the mixture
was stirred for 2 h at room temperature.
For the fabrication of metal oxide/silica fibers, the colloidal silica
was dispersed in 4.0 g of the PAA/metal salt solution. The weight ratio
of PAA:SiO2 was fixed as 1:1. Two different Ce(NO3)3·6H2O
concentrations with respect to the amount of silica (mole ratios
Ce:Si) were used: 0.06:1.00 and 0.12:1.00 (mole ratios).
Fabrication of the Nanofibers. The viscous solutions of PAA/
metal salt precursor or the dispersions of PAA/metal salt precursor/
SiO2 were loaded in a plastic syringe connected with silicon rubber
tubing. The electrospinning experiments were carried out with a
commercial platform (ES1a, Electrospinz) covered with a polycar-
bonate box placed for safety and to avoid disturbances from air
convection. The positive electrode was applied to the spinneret and an
aluminum foil was used as counter electrode. The flow rate of the
polymer solution was adjusted by a syringe pump (Bioblock, Kd
Scientific). The optimum electrospinning parameters are presented in
Table 1. PAA/SiO2, PAA/SiO2/Ce(NO3)3, PAA/Ce(NO3)3, and
PAA/SiO2/LiOH/Co(OH)2 fibers were calcinated under air in a
muffle oven (Nabertherm Controller P330 LT 5/13) at 600 °C (room
temperature to 600 °C at a rate of 4 °C min−1; plateau of 2 h at 600
°C). PAA/LiOH/Co(OH)2 fibers were calcinated at 400 °C for 5 h
with a rate of 4 °C min−1.
Characterization Methods. The fibers were electrospun onto
silicon wafers for morphological observations by scanning electron
microscopy (SEM) in a LEO 1530 Gemini microscope (Zeiss). To
localize the metal oxide nanoparticles on the fibers, high-resolution
SEM micrographs were captured using a Hitachi SU8000 microscope.
The diameter of fibers and particle size distributions were calculated
from SEM micrographs by using the software Fiji/ImageJ. X-ray
diffraction pattern (XRD) were recorded in a Philips PW 1820
diffractometer using CuKα radiation (λ = 1.5418 Å). Thermogravi-
metric analysis (TGA) was studied by a Mettler Toledo 851
thermobalance. The specific surface area of the calcinated fibers was
determined from nitrogen adsorption using a Micromeritics Gemini V
instrument. The surface area was calculated according to the
Brunauer−Emmett−Teller (BET) methodology (five point, 0.05 <
P/P0 < 0.3). The samples were degassed at 400 °C for 6 h in vacuum
prior to the measurements.
The photocatalytic degradation of rhodamine B (Merck) in the
presence of pure CeO2, CeO2/SiO2, and SiO2 fibers was carried out in
a polystyrene plate (Corning) under UV light irradiation. For the
catalysis experiments, the fiber catalyst (2.0 mg) was added to an
aqueous solution of rhodamine B (1.5 mL, 5 ppm) and stirred
continuously. At certain time intervals, photoluminescence (PL)
emission spectra of the dye solution with the fiber mats were registered
in top-mode on a Tecan Infinite M100 plate reader using an excitation
wavelength of 500 nm.
■ RESULTS AND DISCUSSION
The preparation of silica-supported metal oxide fibers by
colloid electrospinning and subsequent controlled thermal
treatment is presented for two systems: CeO2, as a model for a
simple metal oxide, and LiCoO2, as a model for a binary system.
Silica nanoparticles were selected as cheap but robust structural
framework for the final materials. Initially, poly(acrylic acid)
(PAA) and a metal salt (either Ce(NO3)3·6H2O or LiOH and
Co(OH)2) were dissolved in water, and the homogeneous
aqueous polymer solution was electrospun. In a second step,
the resulting mats were converted to metal oxide fibers by
thermal treatment in a controlled environment. A schematic
diagram for the fabrication of metal oxide and metal oxide/silica
fibers is depicted in Figure 1. In both systems, PAA was used as
polymer template and binder in the fibers. PAA is a commonly
used polyelectrolyte, with most of the carboxyl groups being
deprotonated at neutral pH (pKa 4−4.5),
39 which provide the
ability to coordinate metal cations.
The thermal decomposition of PAA/SiO2 fibers measured by
thermogravimetric analysis (TGA) showed two consecutive
mass losses (Figure 2a), attributed to the elimination of
adsorbed water, and to the degradation of poly(acrylic acid).40
The three weight losses observed for the PAA/Ce(NO3)3 and
PAA/Ce(NO3)3/SiO2 fibers are consecutive to the elimination
of adsorbed water, the dehydration of cerium nitrate and
degradation of PAA, and the conversion of anhydrous
Ce(NO3)3 to CeO2 (at increasing temperature).
41 Since the
mass of the materials remains unchanged around 600 °C, the
calcination temperature was fixed at this temperature. After
calcination, the majority of the remaining residue is expected to
be composed of CeO2 and/or SiO2. Experimentally measured
and theoretical percentages of remaining residues, calculated
from the initially introduced precursor assuming complete
conversion to CeO2, are listed in Table 2. In the presence of
SiO2 nanoparticles, the remaining material after calcination of
PAA/SiO2 fibers was higher (48%) than that of PAA/
Ce(NO3)3 fibers (23%). The thermal stability of the fibers
was slightly increased upon addition of SiO2 nanoparticles with
an onset of degradation temperature shifted to more than 15
°C in the presence of silica particles.
Similarly, the thermal decomposition of the PAA/LiOH/
Co(OH)2 fibers occurs in three stages in the temperature range
of 25−720 °C (Figure 2b). The weight losses were ascribed to
the removal of adsorbed water (∼10%), the polymer
degradation and the conversion of Co(OH)2 to Co3O4
(56%),42 and the reaction of Co3O4 with the lithium salt to
form LiCoO2.
43 Similar to the aforementioned results obtained
for CeO2, the addition of SiO2 nanoparticles shifted the
Table 1. Optimized Electrospinning Parameters (tip-to-
collector distance fixed at 14 cm)
metal oxide precursor
electric field
(kV cm−1)
flow rate
(mL h−1)
CeO2 PAA/Ce(NO3)3·6H2O 0.71 2
CeO2/SiO2 PAA/Ce(NO3)3·6H2O/
SiO2
0.71 2
SiO2 PAA/SiO2 0.36 1
LiCoO2 PAA/LiOH/Co(OH)2 1.43 2
LiCoO2/
SiO2
PAA/LiOH/Co(OH)2/
SiO2
0.71 1
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decomposition temperature to higher values. Indeed, the
remaining mass at 600 °C for the PAA/LiCo hydroxide fibers
was 23% versus 45% in the presence of 6.5 wt % of SiO2. Since
the degradation mechanism relies generally on the diffusion of
polymer residues formed upon increase of temperature, the
nanoparticles may act as barrier for mass transport, hence
improving the thermal properties of the materials. Such
phenomenon was already reported by Mizuno et al.,44 who
found that the presence of vapor-grown carbon fiber hindered
the decomposition of PVA.
The obtained electrospun materials were observed by SEM
before (Figure 3a−d) and after calcination (Figure 3e−h).
Fiber mats prepared from PAA solutions with different Ce/Si
mole ratios (0.06 and 0.12) were compared with references
prepared from PAA solutions containing only either Ce(NO3)3
or SiO2. Silica nanoparticles were visible on the fibers, creating
a rough surface. The addition of Ce(NO3)3 resulted in
reduction of the fiber diameter in comparison to the PAA/
SiO2 fiber (Table 2), which can be explained by the increase of
charge density upon addition of the metal salt, inducing larger
Coulombic interactions and, therefore, higher stretching of the
electrospinning jet.45 After calcination at 600 °C, the
morphology of the fibers was preserved and the diameter of
the fibers decreased owing to the removal of the polymer
template. The incorporation of silica nanoparticles into the
metal oxide fibers increased remarkably the surface area of the
electrospun mats. The specific surface area of neat CeO2 fibers
was 38 m2 g−1, whereas it increased to 161, 155, and 127 m2 g−1
for SiO2, CeO2/SiO2(0.12/1.00), and CeO2/SiO2(0.06/1.00),
Figure 1. Scheme of the preparation of metal oxide (top) and metal oxide/silica (bottom) fibers. The metal oxide fiber are brittle and yield a powder
material, whereas the nanofibrous morphology is conserved by using silica nanoparticles as structural framework.
Figure 2. TGA thermograms of (a) PAA/SiO2/Ce(NO3)3 and PAA/
Ce(NO3)3 fibers, and (b) PAA/LiOH/Co(OH)2, PAA/SiO2/LiOH/
Co(OH)2 fibers.
Table 2. Diameters of the Fibers and Percent Compositions
of the Metal Oxide/Silica Fibers
fiber
dfiber before
calcinationa
(nm)
dfiber after
calcinationa
(nm)
CeO2
b
(vol %)
CeO2 +
SiO2
c
(wt %)
CeO2 +
SiO2
d
(wt %)
SiO2 540 ± 80 510 ± 80 48 50
CeO2/SiO2
(0.06/1.00)
290 ± 50 180 ± 30 6.3 40 48
CeO2/SiO2
(0.12/1.00)
300 ± 40 190 ± 30 12.2 33 47
CeO2 320 ± 50 240 ± 40 100.0 23 19
fiber
dfiber before
calcinationa
(nm)
dfiber after
calcinationa
(nm)
LiCoO2
b
(vol %)
LiCoO2
+ SiO2
c
(wt %)
LiCoO2
+ SiO2
d
(wt %)
LiCoO2 310 ± 60 190 ± 30 100.0 12 18
LiCoO2/
SiO2
350 ± 80 320 ± 100 5.03 41 57
aMeasured with SEM. bCalculated from eq 2. cMeasured with TGA.
dTheoretical content.
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respectively. The hierarchy of size observed in the fibers (metal
oxide crystallites < silica nanoparticles < fibers) is reflected in
the hierarchy of porosity in the structure. Accordingly, there
were two levels of porosity: the porosity created by the space
between electrospun fibers, and the porosity of the silica
particles, both contributing to the porosity of the resulting
fibers.
The morphologies of the LiCoO2 and LiCoO2/SiO2 fibers
are shown in Figure 4a−c. The PAA/LiOH/Co(OH)2 fibers
before calcination were continuous, smooth, and uniform, with
a diameter of 310 ± 60 nm. Similar to the CeO2 fibers, the
calcination caused shrinkage of the average fiber diameter of
LiCoO2 to 190 ± 30 nm. LiCoO2/SiO2 fibers were clearly less
brittle than neat LiCoO2 fibers. Whereas the LiCoO2 mat was
converted to ultrafine pieces and powder (photograph on the
top of Figure 1), the mat of LiCoO2/SiO2 (bottom image)
remained intact after calcination. The nonwoven could be
therefore handled as single object, which was not the case for
the calcinated metal oxide fibers. We investigated the effect of
calcination temperature on the fiber morphology. At 300 °C, a
phase separation was observed on the surface of fibers (Figure
4a). The components (i.e., polymer chains, residues, and metal
oxide/salt) were separated into distinct domains oriented along
the surface of the fibers. This phase separation occurred
Figure 3. SEM micrographs of composite fibers as prepared: (a) PAA/SiO2; (b, c) PAA/Ce(NO3)3/SiO2 with Ce/Si molar ratios of 0.06 and 0.12,
respectively, (d) PAA/Ce(NO3)3; and oxide fibers after calcination at 600 °C: (e) SiO2, (f) CeO2/SiO2 (0.06/1.00), (g) CeO2/SiO2 (0.12/1.00),
(h) CeO2.
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uniformly on the surface along the long axis of the fiber wherein
polymer-lean and polymer-rich phases were formed, indicating
a spinodal decomposition. The orientation of the domains is
probably a consequence of elongational electrical forces
occurring during electrospinning process. When the calcination
temperature was increased to 400 °C, the fibers preserved their
continuous structures and the average diameter was reduced by
about 40% with narrower distribution (25%). At the same time,
the nucleation and growth of LiCoO2 nanoparticles occurred
and the LiCoO2 nanoparticles were visible on the fibers surface
(Figure 4b). The PAA aqueous solution composed of lithium/
cobalt hydroxides was basic (pH ∼9). Under this condition,
surface silanols are dissociated into negatively charged oxide
(Si−O−) on the surface. Electrostatic repulsion between
negatively charged particles resulted in stable and non-
aggregated silica dispersions. In the presence of silica
nanoparticles of uniform size in the fibers, homogeneously
assembled continuous fibers could be formed (Figure 4c).
The crystallinity of the samples was studied by X-ray
diffraction (XRD). Figure 5a shows the XRD patterns of fibers
prepared with different CeO2/SiO2 ratios (0.06/1.00 and 0.12/
1.00) after calcination at 600 °C, compared with those of SiO2
and CeO2 fibers. Whereas the silica fibers displayed a typical
amorphous halo, the samples containing cerium showed the
characteristic reflections for cubic CeO2 (JCPDS card No. 34−
394). The increase of the amount of cerium salt resulted in
sharper reflections, which correlates with the size of the
crystalline domains. Under the same experimental conditions,
CeO2 fibers prepared without colloid silica showed much
narrower reflections. The sizes of the crystallites estimated by
the Scherrer equation46 from the (111) reflection were 4, 6, and
12 nm for the CeO2/SiO2 (0.06/1.00), CeO2/SiO2 (0.12/1.00)
and CeO2 fibers, respectively. These results indicate that the
size of the ceria crystallites was smaller in the presence of
amorphous silica and increased with increasing amount of
cerium. The change in the crystallite size can be associated with
the interfacial area between the colloid and the ceria salt.
Because colloidal silica provides large surface area, there may be
higher number of nucleation sites compared to the fibers
prepared in the absence of the colloids, so that the resulting
crystallites are smaller. When the amount of cerium nitrate
Figure 4. SEM micrographs of PAA/LiOH/Co(OH)2 precursor fibers
after calcination (a) at 300 °C, (b) at 400 °C and (c) PAA/LiOH/
Co(OH)2/ SiO2 precursor fibers calcinated at 600 °C.
Figure 5. (a) XRD patterns of SiO2 fibers (blank) and CeO2 fibers
prepared in the absence and presence of SiO2 nanoparticles after
calcination at 600 °C; (b) XRD patterns of lithium cobalt oxide fibers
prepared in the absence and presence of SiO2 nanoparticles after
calcination at 400 °C (the stars indicate reflections of Co3O4).
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increased, while keeping constant the amount of the SiO2
nanoparticles, there was no change in nucleation sites and the
diameter of the particles increased.
Figure 5b contains the XRD patterns of the binary metal
oxide fibers after calcination of PAA/LiOH/Co(OH)2 in the
absence and in the presence of SiO2. In the absence of SiO2, the
diffractogram confirms the formation of LiCoO2 (JCPDS card
no. 44−0145), with a minor coexistence of Co3O4 (JCPDS card
no. 42−1467). In the fibers formed in the presence of SiO2
nanoparticles, the Co3O4 phase becomes more significant,
which may be ascribed to the formation of lithiated Co3O4 and/
or nonstoichimetric lithium cobalt oxide. The coexistence of
Co3O4 and the formation of nonstoichiometric lithium cobalt
oxides have been often reported in solid-state reaction methods
from metal salts.47−49 A crystallite size of 14 nm was estimated
by the Scherrer equation from the most intense (003) reflection
for the LiCoO2 obtained without SiO2. The crystallite size is
consistent with the particle size estimated statistically from
SEM micrographs (21 ± 5 nm, Figure 4b).
The backscattered electrons detection mode of the SEM was
used to localize LiCoO2 nanoparticles among the SiO2 (Figure
6), thanks to the atomic number contrast between both type of
particles (SiO2, and LiCoO2). LiCoO2 nanoparticles with a
diameter of 12 ± 3 nm could be identified, being uniformly
dispersed among the SiO2 particles in the fiber. The
experimental and theoretical volume percents of the particles,
VMO[exp] and VMO[th], were calculated from statistical measure-
ments of particles sizes in SEM images using eqs 1 and 2
= ×V
NV
AD
% 100MO[exp]
p(MO)
SiO2 (1)
=
+
×V V
V V
% 100MO[th]
MO
MO SiO2 (2)
N represents the number of LiCoO2 particles on the surface of
a half cylinder (A), DSiO2 the radius of the SiO2 nanoparticles,
and Vp is the volume of one spherical LiCoO2 particle. The
experimental volume percent was found to be 5.0%, which was
above the theoretical value of 4.4%. Note that VMO[exp]
represents the volume of LiCoO2 that was observed by SEM,
that is, located on the surface of the fibers. Therefore, the small
difference between VMO[exp] and VMO[th] suggests that the
LiCoO2 nanoparticles are preferably situated at the fibers
surface. Based in Figure 6a, we estimated that 18% of the total
amount LiCoO2 nanoparticles were present on the surface of
the fibers. The fact that the surface is enriched with the metal
oxide is particularly remarkable, because the metal oxide is the
functional component, whereas silica plays the role of a
structural framework. Such nanocomposites have potential
applications as cathodes of lithium-ion batteries, functional
membranes for filtration, and supported catalysts.
As a representative example, the photocatalytic activity of the
CeO2/SiO2 fibers for the degradation of rhodamine B was
investigated and compared with the SiO2 fibers and the brittle
CeO2 fibers. The evolution of the reaction was monitored by
recording the photoluminescence (PL) emission spectra of the
samples at different times (Figure 7). The maximum at 580 nm
decreased exponentially with respect to the irradiation time
(Figure 7b). As expected, the decay of fluorescence intensity at
time t over initial intensity (I/I0) is slower for silica-supported
fibers than for the neat fibers. The absolute performance of the
fibers for the degradation of the dye, which is proportional to
P(%) = 100 − (I/I0), was found to increase from P = 10%
(CeO2/SiO2:0.06/1.00) to P = 61% (CeO2/SiO2:0.12/1.00)
when the concentration of ceria in the fibers was increased.
Although P was found to be higher for the neat CeO2 fibers
(66%), the performance related to the amount of ceria in the
fibers Pw are much higher for the CeO2/SiO2:0.12/1.00 (60%
per mg of CeO2) than for the neat CeO2 fibers (33% per mg).
This comparatively higher activity is explained by the fact that
CeO2 was well-distributed along the fibers surface, being
therefore accessible for the molecules to be degraded. This
result is important because the efficient use of metal oxide
allows the reduction of the production costs, taking into
account that SiO2 is rather inexpensive and largely available as
resource.
■ CONCLUSIONS
The simultaneous electrospinning of ceria and lithium cobalt
oxide precursors and silica nanoparticles allows the fabrication
of hierarchically structured composite nanofibers. The metal
oxide was found to nucleate predominantly at the surface of the
fibers during the calcination process, forming nanoparticles that
were mainly present among larger silica nanoparticles on the
surface of even larger fibers. This hierarchical structural
organization enhanced the available surface area of the
catalytically active metal oxide component and improved
accordingly the efficiency of the system for catalysis, as
shown by the successful degradation of a fluorescent dye by
ceria fibers. Moreover, the presence of silica nanoparticles as
Figure 6. (a) SEM micrograph of a LiCoO2/SiO2 fiber obtained by
calcination at 600 °C and (b) schematic representation of the simple
geometrical model used to calculate percent volume of LiCoO2/SiO2
nanoparticles.
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structural framework for the fibers improved both thermal and
mechanical stability of the nanocomposites. The conjugation of
the latter features with the functionality provided by the metal
oxide and the versatility of the electrospinning technique make
our method extendable to a large variety of supported metal
oxides.
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